Amorphous filler Ti-Zr-Cu-Ni with better performance and higher melting point than the α → β phase transition temperature 882.5˚C of TA2, is appropriate for joining TC and TB titanium alloys but not for TA titanium alloys, with which the ductility of the joined base metal TA2 gets down. In this paper, Sn is added into Ti-Zr-Cu-Ni filler to reduce its melting temperature then to satisfy the joining temperature requirement, and the effects of the content of Sn on the microstructure of the alloy and brazing performance are investigated. The results show that, the Ti-Zr-Cu-Ni-Sn brazing foils still possess amorphous structure; the melting point of fillers is reducing with the increase of the Sn content; the joint gap that formed during brazing TA2 and Q235 using Ti-Zr-Cu-Ni-Sn foils is fully filled with continuous compact surface and smooth uniform fillet; the shear strength of the joint is raising with the increase of Sn content in brazing fillers and the strength reaches to 112 MPa when Sn content is 3%; adding more Sn, more brittle intermetallic compounds TiFe and TiFe2 are gathering to form cluster and the shear strength of the joint is reducing; the shear fracture always occurs in the center of the seam.
and high fatigue resistance but high price. Common engineering material mild steel Q235 has excellent performance but reasonable price. Therefore, the advantages of these two materials above-mentioned can be made full use of by connecting, which has high practical values and good economical benefits.
It is hard to connect titanium and mild steel for the great difference in their physical and chemical properties. There are many methods to connect titanium and titanium alloy at present, such as argon arc welding, electron beam welding, laser welding and other fusion welding; diffusion welding, friction welding, explosion welding and other solid-state joining; infrared welding, high frequency welding, vacuum brazing and other brazing [1] - [4] . Among them, brazing has important application in aerospace field with low welding temperature, simple equipment and process, which is applied to the connection of dissimilar metals titanium and steel and is available for the weld of precision components with complex structure and thin-wall.
There is a great variety of brazing fillers for brazing titanium and titanium alloy, such as Ag-based, Al-based, Pb-based and Ti-based brazing fillers. Among them, Ti-based brazing filler can be made into amorphous filler through rapid solidification. This kind of filler has pure uniform ingredient, low welding temperature, good wettability, brazing quality and many other outstanding merits.
In 1990, Onzawa T. et al. developed amorphous brazing filler Ti-Zr-Cu-Ni which now has become an important filler for brazing titanium and titanium alloy, and the joint can work in high temperature and highly corrosive media [5] . However, this kind of filler is mostly applied to the connection of titanium and titanium alloy, rarely to the connection of dissimilar metals titanium and steel. The melting temperatures of this kind of fillers are almost in the range of 980˚C -1000˚C much higher than the α → β phase transition temperature of TA2. When the welding temperature is higher than 882.5˚C, titanium translates from α phase with close-packed hexagonal structure to β phase with body-centered cubic structure, and then translates into acicular structure in the subsequent process of rapid solidification, which reduces the ductility of the base metal titanium near the brazing seam. Accordingly, in order to avoid the phase transformation, the melting temperature of the filler should be lowered and the brazing temperature should be controlled under the phase transformation temperature.
Adding element that reduces the brazing temperature is a good solution to this problem. Beryllium can form limit solid solution and compound with titanium and small content of it can reduce the melting temperature. Other elements such as V, Cr, Fe and Co can also have the same effect but they are not obvious [6] . Sn without poison or harm can not only reduce the melting temperature but also barely change alloy's phase composition with small content [7] .
In this paper, in order to obtain an amorphous filler with excellent performance that can be applied to the brazing of TA2/Q235, amorphous filler Ti-Zr-Cu-Ni-Sn is designed; filler foils are prepared by using a single roller rapid solidification apparatus; fillers' properties are tested; the brazing of TA2/Q235 with the designed fillers is investigated; the effect of the content of Sn on microstructure and mechanical properties of the joint are analyzed.
Design of Experiments
In this experiment, element Sn that can lower the melting temperature is added into the master alloy Ti 35 Simple metals (99.99%) were smelted into brazing filler metal by high frequency induction heating equipment in argon atmosphere and brazing fillers were prepared by using a single roller rapid solidification apparatus [8] - [10] in this experiment. The experimental parameters can be seen in reference [9] . The brazing fillers with thickness of 40 μm -60 μm and width of 4 mm, the biggest length just 30 cm, and their phase structure and composition were tested by X-ray diffractometer, were studied by means of different scanning calorimeter to analyze the effect of the content of Sn on the melting temperature of brazing fillers.
The brazing is conducted in vacuum high frequency brazier, the brazing parameters are: vacuum degree is 0.1 Pa; welding temperature is 800˚C; heating current is 25 A; heating time is 15 s; holding time is 15 s; cooling to room temperature is in furnace. The sample made along the axis of the welded sample is etched with the solution of 3 ml HF + 6 ml HNO 3 + 100 ml H 2 O [11] , the effect of the content of Sn on the microstructure of the joint is analyzed by using Olympus GX-71 metallurgical microscope, the shear strength of the joints is tested by WE-100 universal testing machine and the effect of the content of Sn on the strength is analyzed. Figure 1 shows the X-ray diffraction spectrum patterns of Ti-Zr-Cu-Ni-Sn brazing fillers. In the pictures there is no peak according to crystal phase, but broad diffraction peaks belong to glassy phases only. The brazing fillers still process typical amorphous diffraction peaks when the content of Sn rises to 7%. Besides the corresponding base peaks of the fillers with 7% Sn, some peaks get sharp in local XRD curve of the brazing filler when the content reaches to 9%. It can thus be seen that the amorphous structure of the brazing fillers cannot be changed by adding a bit Sn, but tend to be crystallized when the content increases rapidly. Figure 2 shows the DSC curves of the three brazing filler metals. In Figure 2( Figure 2(b) . The melting temperature interval of 843˚C -862˚C, which is small, nearly meets the using demand for brazing α-Ti and steel.
Results and Discussion

The Effects of Adding Sn on the Microstructure and Properties of the Brazing Fillers
It can be seen from Figure 2 (c) that brazing filler Ti 31.85 Zr 31.85 Cu 13.65 Ni 13.65 Sn 9 begins to melt at 596˚C and stops melting at 615˚C. The small melting temperature interval of 596˚C -615˚C, meets the using requirement for brazing α-Ti and steel. With an increase in content of Sn, the melting temperature is dropping. 9 , meets the using requirement for brazing α-Ti and steel as well.
These brazing fillers are all viscous liquid under the welding temperature, their mobility can be measured by the viscosity of liquid metal. The bigger the viscosity is, the smaller the mobility becomes. And the viscosity is inversely proportional to the degree of superheat. Hence, with the increase of the content of Sn, the melting temperature of the alloy gets lower and the degree of superheat of the liquid metal becomes bigger, which will makes the viscosity lower, the mobility higher and then improves the spreadability of the brazing fillers under a certain welding temperature. Therefore, it can achieve the goal of reducing the melting temperature of the brazing fillers by adding Sn into the master alloy Ti 35 
The Effects of Sn Content on the Microstructure and Properties of the TA2/Q235 Joints
The microstructure of the overlap joint TA2/Ti 31.85 Zr 31.85 Cu 13.65 Ni 13.65 Sn 9 /Q235 is showed in Figure 3 . Figure  3(a) shows the whole morphology of the joint. There appears to have three zones from top to bottom: base metal TA2 zone, brazing seam zone and base metal Q235 zone. The base metal TA2 near the brazing seam presents sawteeth shape for it partly converts into lath-like structure of β phase. However, the base metal TA2 away from the brazing seam remains the original structure of α phase. It can divided into three parts of the brazing seam: firstly, the wider pale zone of the seam near the side of the base metal TA2 is the transition zone of the seam and the base metal TA2, containing a lot of Ti and fewer C and Fe. Secondly, the center of the seam consists of white sheet phase and gray matrix, and the small size white phases near the center gather to form cluster; the white phases that are brittle intermetallic compounds with lager size are sparsely distributed. Comparing with that, the transition region between the seam and the base metal Q235 appears to become narrower where there is an obvious boundary.
Some points (A, B, C, D) in the seam were examined by means of SEM showed in Figure 3(b) . The white sheet phases mainly consisting of more Ti, Fe and small content of Ni, Cu and Zr are TiFe and TiFe 2 . For element Fe can strongly propel β-Ti to remain at room temperature, these phases should be β-Ti solid solution including alloys. The matrix is mainly constituted by element Ti and lager content of C and Fe coming from the base metal Q235 which illustrates that the elements of the base metal Q235 have been well distributed into the seam. Figure 4 shows the microstructure in the brazing seam zone of the TA2/Q235 joint with the brazing fillers including different contents of Sn. The microstructure of the TA2/Q235 joint without Sn is shown in Figure 4(a) and there appears to be some white phases distributed sparsely in the light color matrix. Figure 4(b) shows the microstructure of the TA2/Q235 joint with 5% Sn. This seam is constituted by light and dark color matrixes and there are white phases densely distributed in the light matrix with smaller size than the white phases in Figure  4(a) . The microstructure of the TA2/Q235 joint including 7% Sn is shown in Figure 4(c) . There are white phases with significant difference in size and the larger ones are sparsely distributed, the smaller ones gather to form cluster. Figure 4(d) shows the microstructure of the TA2/Q235 joint with 9% Sn. Through comparing the microstructure of the TA2/Q235 joint with the brazing fillers including different content of Sn, it can be seen that, with an increase in Sn content, the microstructures of the seams change from uniformity to layering gradually, the size of the distributed white brittle phases in the seam is being diminished, so that the more and more white phases are gathering to form cluster.
The solid solubility of Fe in α-Ti is just 0.05% -0.1% at room temperature, not exceeding 0.5% at eutectoid temperature. Adding more Sn can reduces the melting temperature and the dissolution of Fe in Ti as well. When the content of Fe in β-Ti reaches to a certain amount, during the cooling process, the oversaturation of Fe in Ti occurs. When the content of Fe exceeds its solid solubility in Ti, the brittle intermetallic TiFe 2 and TiFe are formed. And obviously the appearance and augment of these white brittle phases reduces the mechanical properties of the joints. Figure 5 shows the shear strength curve of TA2/Q235 joints with the change of the amount of Sn. Through testing the shear strength of these TA2/Q235 joints with different contents of Sn, it is found that with an increase in the content of Sn, the shear strengths of TA2/Q235 joints firstly increase, reaching to 112 MPa, and then descend. From the appearance of the facture, it can be seen that the cracks mainly occur in the center of the seam. This is because more brittle intermetallic compounds are emerged in the center of the seam with too much more Sn than the seam without Sn, which descends the strength of the joints. And the ductility of the base metal TA2 of the joint kept by adding Sn to decrease the α → β phase transition cannot compensate the harm to the property of the joints from the emerged intermetallic compounds. When the content of Sn is 3%, the α → β phase transition and the intermetallic compounds are both less, which enhances the strength of the joints.
The Effect of the Content of Sn on the Mechanical Properties of the TA2/Q235 Joints
Conclusions
1)
In this paper, in order to reduce the melting temperature of the Ti-Zr-Cu-Ni master alloy, three brazing fillers (Ti 35 Zr 35 Cu 15 Ni 15 ) 100−x Sn x (x = 5, 7, 9) with amorphous structure are designed and prepared. With an increase in the content of Sn, the shear strength and the melting temperature are gradually descending, satisfying the welding temperature requirement for brazing TA2/Q235. 2) The high frequency induction vacuum brazing of TA2/Q235 is conducted by using designed amorphous fillers with lower melting point, which has good performance. With an increase in the content of Sn, white brittle intermetallic compounds TiFe and TiFe 2 with reducing size increase little by little gathering to form cluster; the shear strengths of the joints firstly increase, reaching to 112 MPa when the Sn content is 3%, and then descend. The cracks mainly occur in the center of the seams.
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